Increasing the aspect ratio of ZnO nanostructures is one possible strategy to improve their thermoelectric properties. ZnO nanostructures with onedimensional (1D) and three-dimensional (3D) morphologies were obtained using electrochemical deposition. Adjusting various deposition parameters made it possible to obtain arrays of vertically aligned ZnO nanowires (NWs) with controlled dimensions, density, and electrical properties. The concentrations of zinc or chloride ions in the solution were found to be key parameters. ZnO NWs were transformed into ZnO nanotubes (NTs), with an increased aspect ratio compared with the NWs, by selectively dissolving the core of the ZnO NWs in a concentrated KCl solution. The aspect ratio was strongly increased when the ZnO NWs were hierarchically organized in a 3D morphology. The synthesis of thin films composed of ordered hollow urchinlike ZnO NW structures was performed by combining the electrochemical deposition and polystyrene sphere templating methods. The electronic properties of the urchin-like ZnO structures were investigated by means of photoluminescence and transmission measurements.
INTRODUCTION
ZnO exists in various nanoscale forms, allowing many device applications. ZnO nanowires (NWs) exhibit good electrical conductivity, large aspect ratio, and a highly corrugated surface morphology. The combination of good electrical conductivity and corrugated surface morphology is highly desirable in thermoelectric materials, because the surface roughness of different length scales might result in efficient phonon scattering, reducing the thermal conductivity.
Among the various synthesis methods developed to produce monocrystalline ZnO NWs, electrochemical deposition is very attractive, as it allows control of the dimensions and density of ZnO NWs in an array. Combining electrodeposition with wet etching or colloidal templating (i.e., sphere lithography) enables formation of ZnO nanotubes (NTs) or 3D hierarchically organized ZnO NW (urchin-like) structures with larger aspect ratio than NWs deposited on a flat surface, respectively. This paper summarizes the synthesis, and electrical and optical properties of such 1D and 3D ZnO nanostructures.
EXPERIMENTAL PROCEDURES
Electrodeposition of ZnO NWs was performed in a three-electrode electrochemical cell, using the method based on the reduction of molecular oxygen (Received May 23, 2010; accepted January 17, 2011;  published online February 25, 2011) Journal of ELECTRONIC MATERIALS, Vol. 40, No. 5, 2011 DOI: 10.1007 /s11664-011-1530 Ó 2011 TMS (O 2 ). 1 The working electrode (cathode) was made of a SnO 2 :F transparent conducting oxide (TCO) substrate [in some cases covered with a sprayed buffer layer of ZnO (ZnO sp ), playing the role of a seed layer or/and a hole blocking layer]. 2 The counter and reference electrodes were a Pt spiral wire and a saturated calomel electrode (SCE), respectively. The electrolyte was an aqueous solution containing 5 9 10 À4 M ZnCl 2 and 0.1 M KCl at pH 7 (in standard conditions). The solution was saturated with O 2 (10 min bubbling before and during deposition). Electrodeposition of ZnO occurred from reduction of O 2 in the presence of a zinc precursor. By applying a cathodic potential, hydroxide ions (Eq. 1) were electrochemically generated at the electrode surface, leading to precipitation of ZnO (Eq. 2).
and
The ZnO NW arrays were electrodeposited at a potential of À1 V at 80°C, using an Autolab PGSTAT-30 potentiostat. Ultrapure water (18 MX cm) was provided by a Millipore setup. Anhydrous ZnCl 2 salt (Fluka, purity >98.0%) was used as the Zn 2+ precursor. KCl (Fluka, purity >99.5%) served as a supporting electrolyte, among other roles. 3 Photoluminescence spectra of the urchin-like ZnO were measured in air at room temperature using a N 2 pulsed laser for optical excitation. Measurements were also performed using a HeCd laser (325 nm) with 10 mW maximal power. The excitation was almost optically focused, with a typical spot diameter of 1 mm. In addition to photoluminescence, direct transmission with a collimated beam was also investigated. In the optical studies, two kinds of samples were studied: as-prepared, and annealed in air at 450°C for 1 h.
RESULTS AND DISCUSSION

Control of ZnO NW Dimensions
Arrays of vertically aligned ZnO NWs with controlled dimensions have been obtained by varying the deposition parameters. 2-4 Numerous parameters influence the dimensions of the NWs, such as the concentrations of zinc ([Zn 2+ ]) and chloride ([Cl À ]) ions, the presence of a ZnO sp buffer layer, deposition time (charge density), etc. Initial studies showed that ZnO buffer layers with controllable grain size can be used to influence the diameter and density of the ZnO NWs in the array. 2 We have also found that [Cl À ] plays a major role in ZnO growth mechanisms. 3 In this work, the influence of [Zn 2+ ] and [Cl À ] on NW dimensions were analyzed using a constant charge density (Q). One set of experiments done by varying [Zn 2+ ] showed that the diameter of the NWs increased from 25 nm to 80 nm when [ZnCl 2 ] increased from 5 9 10 À5 M to 1 9 10 À3 M. 4
Another set of experiments done by keeping [ZnCl 2 ] constant at 5 9 10 À4 M and varying [KCl] between 0.05 M and 4 M showed that a jump in nanowire diameter for concentrations higher than 1 M is clearly observed, as well as an increase of the length of the NWs. 3 This is due to the fact that the rate of O 2 reduction (i.e., OH À generation) decreases when [Cl À ] increases. From plan-view scanning electron microscopy (SEM) images, a mean diameter value in the range of 80-100 nm and up to 300 nm has been estimated for samples electrodeposited in [KCl] £ 1 M and [KCl] > 1 M, respectively (Fig. 1) . 3 This observation agrees with the role proposed by Xu et al. that Cl À ions act as a stabilizer of the (0001) ZnO polar faces. 5 Two mechanisms of ZnO NW growth have been predicted. [KCl] < 1 M hinders diameter growth, favoring longitudinal growth, while when the concentration is lower than 1 M it is diameter growth that is favored 3 (Fig. 1c, d) . Arrays of ZnO NWs exhibiting a roughness factor above 70 have been obtained for [KCl] = 0.1 M. 4 Electrochemical impedance spectroscopy (EIS) was used to investigate the donor density of the ZnO NW arrays. A Mott-Schottky (MS) model was developed to determine the carrier density in the ZnO samples. 6 For the first set of experiments, when [ZnCl 2 ] increased from 5 9 10 À5 M to 1 9 10 À3 M, the donor density of the as-deposited NWs decreased from 10 20 cm À3 to 10 19 cm À3 . The same behavior was observed after annealing, but the values were two orders of magnitude lower. 7 For the second set of experiments, the donor density of the as-deposited nanowires increased from 7 9 10 18 cm À3 to 4 9 10 20 cm À3 , when [KCl] increased from 0.05 M to 4 M, respectively. 7 Annealing in air 
